ANIMAL models suggest that the asymmetry of monocular optokinetic nystagmus (OKN) in young infants can be explained by a direct pathway from retina to the midbrain nucleus of the optic tract. However, earlier studies with hemispherectomized infants showed no evidence for OKN responses towards the damaged cortex that could be ascribed to this subcortical pathway. In longitudinal testing of two infants with very extensive unilateral cortical damage, we have now shown that OKN responses in both directions do occur before 10 months of age. OKN towards the damaged cortex, indicating functioning of the direct pathways in the absence of cortical control, drops out in the later development. The neural circuitry responsible for OKN in humans appears to undergo a plastic reorganization.
Introduction
Young human infants show a naso-temporal asymmetry of monocular optokinetic nystagmus (OKN) which normally starts to disappear around 2±3 months of age [1, 2] . By analogy with ®ndings on the role of the midbrain nucleus of the optic tract (NOT) in cats and monkeys (for review see [3, 4] ), infants' temporal-to-nasal response was interpreted as re¯ecting a direct pathway from the retina to the contralateral NOT (see Fig. 1 ). In this view, the nasal-to-temporal response is mediated by the later development of a pathway from the eye, via binocular neurons in visual cortical areas, to the ipsilateral NOT.
This account suggests that, if the route through visual cortex fails to become established, the dominance of the temporal-to-nasal response which is the signature of the direct subcortical pathway would be expected to persist. This is indeed the result when congenital strabismus disrupts the normal development of cortical binocularity [5] . However, a persistent naso-temporal asymmetry is not necessarily the result when there is a more radical disruption of cortical development. Braddick et al. [6] described two infants in whom one cerebral hemisphere had been completely surgically removed. Neither of these children showed temporal-to-nasal OKN when viewing with the eye contralateral to the lesion, and in one case this eye actually showed a clear dominance of the opposite, nasal-totemporal, response. This and other results on motion asymmetries in the visual evoked potential (VEP; reviewed by Braddick [7] ) have thrown doubt on the idea that a purely subcortical route can mediate OKN in human beings beyond the early months, and raised the possibility that even the neonatal asymmetry might re¯ect properties of the cortical route.
The dominant effect in these and other cases of cortical damage appears to be an impairment of OKN in the direction towards the damaged hemisphere [8] . It is known that in monkeys, lesions to area MST impair pursuit in the ipsiversive direction (toward the affected side) [9] , and neurons with this directional preference are known to provide selectively the descending input from area MT/MST to the NOT [10] . Thus it can be argued that the evidence supports a common mechanism for pursuit and the slow phase of OKN, in which asymmetries arise because each side of the cortex controls the ipsiversive direction. However, in the profound cortical pathology present in hemispherectomised infants, the developmental course of the OKN pathways is likely to be atypical. Such infants have had a highly abnormal cortical development from early in gestation, leading to major structural defects such as hemimegalencephaly, with consequent continual sei-zure activity, which is the clinical reason for the hemispherectomy. During the development of the NOT and other subcortical structures, any input from cortical connections on the affected side will be highly abnormal, pre-operatively from the presence of disorganized cortex and post-operatively from the absence of any cortex at all.
It has been reported [11] that the naso-temporal asymmetry in normal young infants is reversed when OKN is elicited by isoluminant chromatic stimuli. This ®nding suggests that the interaction of cortical and subcortical systems may operate in a quite different way for chromatic stimuli, compared with luminance contrast. Testing with such chromatic stimuli may therefore reveal further information about this interaction in cases of cortical damage.
In this paper we describe longitudinal observations of the optokinetic response in a hemispherectomized infant, from an earlier age than was possible in the cases reported previously, and in another infant with extensive congenital unilateral cerebral damage. Both luminance-contrast and isoluminant stimuli were tested. These observations show that optokinetic responses do occur in the direction toward the removed hemisphere, although these responses can be variable and transient. The course of development appears to re¯ect a shifting relationship between subcortical and cortical mechanisms.
Subjects and Methods

Subjects:
The two infants reported were admitted to the Division of Child Neurology and Psychiatry of the University of Pisa for investigation of their neurological symptoms and checking their developmental progress.
Infant GB had normal gestation and delivery. He was diagnosed as affected by a severe unilateral brain malformation (right hemimegalencephaly) on the basis of a brain MRI carried out on day 2 because of unexplained neonatal convulsions ( Fig. 2A) . The left hemisphere appeared grossly normal. At age 13 weeks he underwent a partial resection of the right cerebral hemisphere in an attempt to reduce untreatable seizures. Subsequent CT imaging (Fig. 2B ) con®rmed that the hemisphere was completely removed except for part of the frontal lobe, with no connecting white matter. The integrity of basal ganglia and thalamus was dif®cult to evaluate in the CT scan, but the pulvinar was probably affected while midbrain structures were apparently left intact. Observations of OKN behavior were made preoperatively at age 12 weeks (two sessions) and on six post-operative occasions between 4.5 and 15.5 months of age. Some seizure activity and anticonvulsive medication continued throughout this period. There was no manifest strabismus.
AA had an extensive right-sided lesion, believed to be the result of a vascular event involving the middle cerebral artery in the last trimester of gestation. MRI (Fig. 2C) showed that the right frontal, parietal and temporal lobes were almost completely replaced by a large encephaloclastic cyst. Part of the right occipital lobe and of the right thalamus were apparently intact. Her functional visual ®eld on the left side was restricted to 108; there was no strabismus. OKN was tested on two occasions, at 9 and 14 months of age.
Methods:
The stimuli were vertical sinusoidal gratings of 0.5 c/deg, modulated either in luminance (90% contrast) or in chromaticity (red±green equiluminant), generated by frame-store (Cambridge VSG) and displayed on the face of a Barco monitor at 120 frames/s. For details of the generation of the color modulated grating, see Morrone et al. [12] . The display area was 35 3 25 cm, subtending 60 3 458 at the infant's viewing distance of 30 cm. To stimulate OKN, the gratings were drifted left-toright or right-to-left at a speed of 10 deg/s for the luminance and the color modulated grating. Stationary gratings were also presented. Each infant was comfortably seated on his/her mother's lap, and exposed to the drifting gratings while two independent experienced observers (hidden behind a screen) watched the infant and counted the number of optokinetic beats in either direction over a 15 or 30 s interval. In each session the various stimuli (luminance, color, two directions or stationary) were presented binocularly and to either eye separately, 3±8 times. To evaluate horizontal spontaneous nystagmus, beats consisting of a slow eye movement in one direction followed by a rapid eye movement in the opposite direction were counted while the infant looked at a stationary grating.
In four of the eight recording sessions for GB, EEG and EOG were also recorded. The OKN frequency in the EOG was highly correlated with that reported by the observers (r 0.95), giving great con®dence in the observational technique.
Results
Subject GB was observed before surgery at the age of 12 weeks. In normal infants at this age OKN is clearly elicited by binocular vertical gratings drifting in either direction, but generally only for the temporo-nasal direction with monocular viewing. In the pre-surgical session, we noted some apparent optokinetic responses in each direction, both binocularly and for either eye alone. However, any directional asymmetry could hardly be assessed given the infrequent occurrence of these eye movements and the sedated state of the infant. In subsequent sessions, after surgery, the reliability of OKN increased and optokinetic beats could be counted in the various experimental conditions. Figure 3 shows the OKN results at different ages. The convention used in all graphs is for leftward OKN slow-phases to be indicated by the upper ordinate, and rightward slow-phases by the lower. Filled symbols represent OKN for stimuli drifting in the two directions (rightward, squares; leftward, circles) and the open triangles the frequency of spontaneous eye movements that mimic nystagmus, observed when the stimulus was stationary. The three panels show the results for the biocular and the two monocular presentations.
In the latest sessions, at 10 and 15 months of age, there was a clear directional asymmetry between leftward stimuli (away from the lesion) which elicit an OKN response, and rightward (towards the lesion) which do not. At 10 months this was seen for both eyes, and at 15 months it was seen binocularly and for right eye presentation. These quite abnormal patterns of results resemble those seen by Braddick et al. [6] in two hemispherectomized infants aged > 9 months. There was also occasional spontaneous nystagmus in the right-toleft direction.
At earlier ages, however, the results of GB were quite different. Shortly after surgery, stimuli drifting rightward were able to elicit OKN in the appro- priate direction, particularly clearly for the left eye, but also in binocular vision. For the left eye this is the temporo-nasal direction, the preferred OKN direction for infants in the ®rst few months. For monocular viewing with the right eye, slow phase eye movements were always in the leftward direction (again temporo-nasal) and their frequencies were independent of stimulus motion, indicating the presence of a high spontaneous nystagmus. Similar results were observed a month later. Thus around 4 months, the directions of nystagmus seen in GB corresponded to those of the immature system seen normally up to about 3 months of age. There was little change a month later, except that left-to-right stimulation through the right eye now suppresses the spontaneous nystagmus. Figure 4 shows the results for infant AA, who had an extensive right-sided cerebral lesion. This infant also showed a clear developmental pattern: a binocular appropriate response in the direction left-toright (i.e. towards the lesion) was clearly present at 9 months, but disappeared at 14 months. Unlike GB, some OKN towards the lesion remained for the contralateral eye at 14 months, but in other respects the ®nal data are consistent with the ®ndings of Braddick et al. [6] . This infant never showed any spontaneous nystagmus.
The results in Fig. 3 and Fig. 4 were obtained using luminance modulated gratings. We also measured OKN in response to red-green gratings, with the relative intensities varying within a range of AE 10% luminance contrast around the adult equiluminance values, and obtained very similar results. Figure 5 shows the isoluminant responses, compared with luminance stimuli, for both infants at the youngest age tested. The frequency of OKN beats in response to the chromatic gratings was somewhat lower than for luminance-modulated gratings, but the directional asymmetry was the same as for the luminance-modulated gratings; this was true at all ages tested for both children.
Discussion
The results of the two subjects at their oldest tested age con®rm the previous ®nding of Braddick et al. [6] of a strong asymmetry of optokinetic responses in hemispherectomized infants favouring the direction away from the lesioned hemisphere. This ®nd-ing seemed to be at odds with the animal model of the role of the NOT in controlling OKN, proposed by Hoffmann [3, 4, 16] . According to this model, the removal of cortical input to one NOT should not prevent an OKN response in the direction towards the lesioned side, since the direct subcortical input to the NOT should mediate this OKN response.
Interestingly, the present data obtained with the two infants at earlier ages are consistent with Hoffmann's model. GB up to 6 months, and AA at 9 months, did follow stimuli moving towards the lesioned hemisphere, indicating that the decorticated NOT can mediate such OKN (see squares in the left eye and binocular panels in Fig. 3 and Fig. 4) . Cortical control of the left NOT from the intact hemisphere also develops, as shown by the fact that the left eye (contralateral to the lesion) can also follow stimuli moving away from the lesion.
Two features of the data with isoluminant chromatic stimuli deserve comment. First, Figure 5 shows that these stimuli could elicit OKN toward the lesioned hemisphere, which must be subcortically mediated. Thus, chromatic signals must be transmitted via the direct midbrain route controlling OKN, although the parvo ganglion cells do not project via this route [13, 14] . Second, there was no evidence of a reversal of the normal asymmetry for chromatic stimuli. This argues against the idea that the asymmetry reported by Epelbaum and Teller [11] is a function of this subcortical system.
The high level of spontaneous nystagmus in the nasal-to-temporal direction seen in GB at the early ages, when the left eye was covered, suggests that the OKN seen in the right eye, with either stimulus direction, has little relation to the stimulus. A further hypothesis is required to explain this result. The spontaneous nystagmus may re¯ect an alteration of the balance of activity between the two NOTs. In animal experiments [9, 15] blocking the activity of one NOT induces a spontaneous nystagmus in the direction away from the perturbed NOT. When GB's left eye is closed, the right NOT does not receive any visual input given the absence of the right cortex. This inactivation of the right NOT may give an imbalance of tonic activity, causing the left NOT to generate spontaneous nystagmus.
Two changes must then be proposed in the course of development. The reduction of spontaneous nystagmus towards the left suggests that the balance between the NOTs is re-established, perhaps by reducing the excitability of the left NOT. In addition, the direct crossed input to the right NOT becomes less effective in driving OKN to the right. The loss of the subcortical route could be due to the absence of corresponding input to the NOT from the damaged cortex, leading to atrophy in the NOT. Alternatively, the loss of subcortical input may not be pathological, but may be a process which accompanies increasing weight of the cortical input in normal development. Whatever the reason, the changes we have seen demonstrate that corticalsubcortical systems for oculomotor control are continuing to develop towards the end of the ®rst year, and still have the plasticity needed to permit the reorganisation shown by the present data.
Conclusion
Our results support the idea, following the animal model proposed by Hoffmann, that early in development OKN can be generated by a direct pathway to the NOT from the contralateral eye, with later cortical development needed to mediate OKN in the nasal-to-temporal direction. The former route can initially operate in the absence of functioning cortex. They also show that in infants with major unilateral cortical damage this function of the direct route does not persist. Instead, the asymmetry of the OKN described by Braddick et al. [6] develops late in the ®rst year, suggesting a rearrangement of the neural circuitry responsible for OKN. 
